1. Introduction {#sec1}
===============

Gastric acid secretion is regulated by paracrine, endocrine, and neural stimuli \[[@B1]--[@B7]\]. This involves translocating/collating essential proteins to appropriate cytoplasmic and membrane sites, vesicle trafficking, membrane docking, fusion and fission \[[@B8]--[@B10]\], modulation of mitochondrial activities, and the coordinated regulation of ion transport proteins, as well as coupling of cytoskeletal proteins to the canalicular membrane via intermediate linking. Equitable and sustainable energy and ion transport, coordinated in all parts of the cell, is needed to maintain cell homeostasis and successful acid secretion, ultimately affecting and defining parietal cell morphology \[[@B11]--[@B13]\].

Ultrastructurally, there is long-standing historical precedence for equating secretory activity with the relative volume densities (Vds) of canalicular and apical membranes (CAMs) and tubulovesicular membranes (TV). The modulation of these membranes has served as an indicator of quiescent and active secretion, which was established early-on with rigorous morphometry \[[@B1], [@B3], [@B8], [@B14]--[@B19]\]. A paucity of TV was equated with hyperstimulation of parietal cell, and inhibition of acid secretion with a cytoplasm containing mostly tubulovesicles. Similar quantitative evaluations of membranes and other organelles in genetically engineered achlorhydric mouse models are much less common \[[@B20]--[@B23]\], and since results from these models are inconsistent, the debate continues over the relationship between TV and CAM.

The purpose of this study was to correlate parietal cell ultrastructure with the reported level of acid secretion in several mouse models of achlorhydria, in order to define a more reliable phenotype. Brief descriptions of the normo-, hypo-, and achlorhydric mouse models used in this study are as follows:

The AE2 Cl^−^/HCO~3~^−^ exchanger (anion exchanger 2, *Slc4a2*) is expressed in most cell types at low levels but is highly expressed on the basolateral membranes of parietal cells, \[[@B11], [@B24], [@B25]\] where it mediates chloride and bicarbonate exchange required for HCl secretion and participates in the maintenance of cell volume and intracellular pH \[[@B26], [@B27]\]. The loss of AE2 produced achlorhydria but did not have a major effect on parietal cell viability \[[@B11]\]. The Vd of secretory canaliculi and of TV was severely reduced, basolateral membrane infoldings were increased, and the gastric gland lumens were filled with electron dense debris. Canalicular and apical microvillar membranes appeared to be normal morphologically.

The gastric H^+^, K^+^, ATPase alpha subunit (GHKA*α*, *Atp4a*) is abundantly expressed in parietal cells and its loss produces achlorhydria. The alpha subunit contains the ATP and cation binding sites required for the export of H^+^ from the apical microvilli into the gastric gland lumen. GHKA*α* appears to interact directly with cytoskeletal proteins and, as such, may actively participate in the modulation of TV and CAM during stimulation \[[@B28]\]. Numerous and severe ultrastructural abnormalities including dilated canalicular spaces, abnormal microvilli, absence of and/or replacement of TV with round vesicles, abnormally large mitochondria with whorled cristi, the accumulation of parietal cell glycogen, and epithelial metaplasia accompanied the loss of GHKA*α* \[[@B29]\].

The NHE2 Na^+^/H^+^ exchanger (*Slc9a2*) has not yet been localized within the parietal cell \[[@B30]\]. Although it may be localized to basolateral membranes, it is expressed on apical membranes in other cell types \[[@B31], [@B32]\]. NHE2−/− mice are hypochlorhydric initially, the amount of gastric acid measured in stomach progressively declines, and parietal cell viability is very much decreased \[[@B30]\]. Parietal cell ultrastructure showed mostly normal looking CAM and TV and mitochondria.

The NHE4 Na^+^/H^+^ exchanger (*Slc9a4*), required for acid secretion, is also abundant in parietal cells \[[@B25]\] and is expressed on basolateral membranes \[[@B12], [@B33]\]. NHE4−/− mice are severely hypochlorhydric, have compromised parietal cell development or viability, and show a greatly reduced Vd of both CAM and TV. CAMs are normal-looking but the cytoplasm just adjacent to the microvilli is mostly devoid of mitochondria and vesicles of any type \[[@B12]\] (a site where both are usually present in WT). CAMs almost exclusively appeared as shallow invaginations from the apical membrane, rather than deep canalicular nidi.

Morphology of the double null mice (NHE2−/−AE2−/− and NHE2−/− GHKA*αα*−/−) has not been reported in detail previously, but parietal cells appeared to default to the characteristics of the AE2−/− and GHKA*α*−/− mice, respectively, with some uniqueness in each.

Normochlorhydric knockout (KO) mouse strains used as controls included those for the NHE1 (*Slc9a1*) and NHE3 (*Slc9a3*) Na^+^/H^+^exchangers, the NKCC1 (*Slc12a2*) Na^+^-K^+^-2Cl^−^ cotransporter, and the PMCA4 (*Atp2b4*) plasma membrane Ca2^+^-ATPase. These KO mice, and their parietal cells have also been described previously, and were determined in this study, by morphometry, not to be significantly different from parietal cells in wild-type (WT) mice \[[@B34]--[@B37]\].

Our aim was to identify parietal cell phenotypes which predictably reflected the level of acid secretion reported for the pH of gastric contents. It was concluded that of the numerous morphometric parameters that we measured, the Vd of mitochondria (alone), the Vd of all secretory membranes (together), and the Vd of basolateral membranes/Vd of mitochondria were good predictors of parietal cell activity. The latter two were less influenced by the structural defects in the KO mice which compromised modulation of TV and CAM.

2. Materials and Methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

WT mice plus 4 strains of normochlorhydric mice (NHE1−/−, NHE3−/−, NKCC1−/−, PMCA4−/−) were used as controls. Two hypochlorhydric/achlorhydric mouse lines (NHE2−/− and NHE4−/−) and 4 strains of achlorhydric mice (single knockouts, AE2−/−, GHKA*α*−/−, and both NHE2−/−AE2−/− and NHE2−/− GHKA*α*−/− double knockouts) were used experimentally.

All mice were housed in humidity and temperature controlled rooms, on a 12-hour light/dark cycle, with access to standard mouse chow and water *ad libitum*, except when fasted. Gender- and age-matched WT mice were paired with all KOs. AE2−/− mice and their matched WT pairs were usually under three weeks old, because of early mortality in the former \[[@B11]\]. All other mice varied from 3 weeks to over 1 year old at euthanasia, with approximately equal numbers of males and females in those pairs. Animal protocols were approved by the University of Cincinnati Institutional Animal Care and Use Committee and animal handlers were trained in an American Association of Assessment and Accreditation of Laboratory Animal Care facility. Mice were cared for, and inspected daily.

Acid secretion, in WT and NHE2−/− mice only, was inhibited by fasting, omeprazole treatment (200 *μ*moles/kg orally two times per day for 2 weeks) or, vagotomy. Fasting included withholding food from mice housed in wire cages with no bedding for 12 hours prior to euthanasia. Paired WT and NHE2−/− mice were surgically vagotomized (Charles River Laboratory) when animals were approximately 5 months of age. After three additional months (180 to 220 days) mice were euthanized. Hyperchlorhydria was induced in WT mice using histamine (Sigma), at a subcutaneous dose of 2 *μ*g/gram body weight in phosphate buffered saline and animals were euthanized after either 15 or 20 minutes.

2.2. Tissue Processing {#sec2.2}
----------------------

Euthanasia was effected with carbon dioxide followed by cutting the diaphragm. The stomach was dissected immediately, opened along the greater curvature, rinsed free of food in phosphate buffered saline (PBS), and fixed by immersion in 2% paraformaldehyde/2.5% glutaraldehyde in PBS or in 4% paraformaldehyde in PBS for at least 24 hours. All tissue blocks were postfixed in 1% osmium tetroxide in either Millonig\'s buffer or PBS for 2 hours, dehydrated stepwise in increasing concentrations of ethanol, two changes of propylene oxide, and in one change each of 1  :  1 and 1  :  3 propylene oxide:SpurrR (Electron Microscopy Sciences, Hatfield PA). Tissues were left overnight in fresh 100% resin and embedded in BeemR capsules (Electron Microscopy Sciences, Hatfield PA) the following day in fresh resin with tissue oriented so that epithelium could be cut perpendicularly to the plane of the basement membrane. Sections were cut at 1.5 to 2 microns thick and stained with toluidine blue for light microscopy. Tissue was also preserved in formalin, dehydrated in ethanol and xylene, blocked in paraffin, sectioned at 5 microns, and stained with hematoxylin and eosin (H&E).

Thin (gold) plastic sections were stained with uranyl acetate and lead citrate for transmission electron microscopy.

2.3. Microscopy and Morphometry {#sec2.3}
-------------------------------

The total number of mice used in this study was 116. The number of KO, double-KO, and WT mice per group varied from 2 to 46. The number (*n*) of mice in any given analysis was included within the bar graphs. The 4 normochlorhydric KO genotypes and 4 normochlorhydric heterozygous mice from among these genotypes were pooled with WT mice, since no significant differences were found in morphometry compared to WT.

Electron micrographs of parietal cells for morphometry were taken as they were sequentially encountered at the microscope, avoiding operator bias in the selection of individual cells. Parietal cells in the mucus pit region of the gastric epithelium were excluded; however, the parietal cells included in the dataset represented a summary of those from the gastric gland neck and basal regions.

A grid of 285 points was overlaid onto micrographs of parietal cells. Intersections of the grid which fell over the following cytoplasmic and nuclear events were counted: (1) basal and lateral membranes (BLM), (2) round vesicles (RV), (3) tubulovesicles (TV) (distinctly oval or tubular or irregularly shaped), (4) canalicular and apical microvillar membranes (CAM), (5) apical membrane without characteristic microvilli (as in the case of the GHKA*α*−/− parietal cells), (6) mitochondria, (7) lamellar and dense bodies, (8) nucleoplasm, and (9) glycogen. Volume densities were calculated by dividing the number of points lying over a given structure by the total number of points counted over that parietal cell \[[@B29], [@B30]\].

2.4. Data Analysis {#sec2.4}
------------------

Data were analyzed using SAS V8.0, or 9.1 (SAS Institute, Cary NC), and Sigma Plot 2000. Means and standard errors of the means were determined by genotype, gender, treatment and age using the General Linear Model. For data shown in bar graphs, *n* = an individual animal. Results were considered significant when *P* ≤ .05. Images for final figures were scanned from prints, contrast enhanced, and occasionally dodged, burned, or the dust and scratches filter applied, when needed, with Photoshop 7 (Adobe.com). Figures were created with Corel Draw x3 (Kodak.com).

3. Results {#sec3}
==========

3.1. Statistically Significant Markers of Acid Secretion {#sec3.1}
--------------------------------------------------------

Parietal cells in the normochlorhydric KO mice (NHE1−/−, NHE3−/−, NKCC1−/− and PMCA4−/−) were not morphometrically different from WT mice, and these data were pooled (hereafter referred to collectively as WT). Generally, untreated WT parietal cell morphology and morphometry agreed very well with historical data (Figures [1](#fig1){ref-type="fig"}and [2](#fig2){ref-type="fig"}). This was also true for those WT mice in which gastric acid secretion was inhibited by vagotomy or by omeprazole \[[@B15], [@B17], [@B18]\] ([Figure 1](#fig1){ref-type="fig"}). Eighty-five to 90 percent of the cytoplasmic membranes, that is, (TV + CAM)/total membranes were directly related to acid secretion in WT mice.

Data were ordered according to the number of KO genotypes which achieved a statistically significant difference from WT for each morphometric parameter (the number of achlorhydric genotypes significantly different from WT/the total number of achlorhydric genotypes tested): microvillar length and width (2/6), Vd of TV (3/6), Vd of basolateral membranes (4/6), Vd of lamellar and dense bodies (4/6), Vd of canaliculi (4/6), the Vd of all secretory membranes (5/6), and the VD of mitochondria (5/6) ([Figure 2](#fig2){ref-type="fig"}). The Vd of the nucleus showed no statistically significant changes among all groups (WT, normochlorhydric or achlorhydric) but data were put aside as incomplete because (1) the Vd of nuclear profiles appearing in micrographs was highly variable and (2) roles for cell volume regulation are predicted for AE2, NHE2, and NHE4.

The Vd of secretory membranes, grouped as TV plus CAM, was significantly reduced in four of the six achlorhydric KO groups only. In the GHKA*α*−/− genotype, canalicular nidi and vesicles were present but were round and contained within themselves smaller vesicles and thus were not typical of TV. This underscores the grey areas in interpretation as to what constituted CAM or TV. Several achlorhydric genotypes showed an absence of TVs or a decrease in TVs leading to a high ratio of CAM to TV, characteristics usually associated with stimulated acid secretion (Figures [2](#fig2){ref-type="fig"}and [3](#fig3){ref-type="fig"}). We found that only the hypochlorhydric genotype, NHE2−/−, under both untreated and inhibited conditions, showed qualitatively similar responses in secretory membranes compared to WT, though quantitatively different ([Figure 3](#fig3){ref-type="fig"}).

Ratios of volume densities of various membranes and organelles were also used to see whether secretory membranes modulated reciprocally, since the latter has been suggested in several reports \[[@B15], [@B18]\], and to determine whether ratios would be of value for defining a stable histological phenotype of achlorhydria. Data were ranked again, according to how many achlorhydric genotypes showed significant differences in the ratios of volume densities, compared to untreated WT mice ([Table 1](#tab1){ref-type="table"}).

The Vd of total secretory membrane/Vd of mitochondria was a fair predictor of gastric acid pH, but not as good at predicting overall secretory activity in the knockout models as other parameters, because abnormal morphology (particularly in GHKA*α*−/− mice) produced misleading counts of CAM and TV. The following genotypes had very few vesicles (whether round or tubular) present in the cytoplasm: AE2−/−, NHE2−/− AE2−/−, and NHE4−/− ([Figure 3](#fig3){ref-type="fig"}).

3.2. Modulation of TV, CAM, and BLM during Secretion and Quiescence {#sec3.2}
-------------------------------------------------------------------

Our data also show that significant fluctuations (reductions or increases) in TV, CAM, and BLM occurred while the Vd of total secretory membranes remained nearly unchanged ([Figure 2](#fig2){ref-type="fig"}). Secretory membranes in WT mice were more or less equitably exchanged after vagotomy and omeprazole treatments. While some reports have demonstrated almost equal gains and losses within the whole secretory membrane compartment \[[@B17], [@B38]--[@B42]\], this was not the case with 5 of the 6 achlorhydric KOs. While equal gains and losses support the generally accepted hypothesis about modulation of membranes, it is implicit in this approach that all membranes be capable of modulating and those membranes to be included be named.

The sum of all secretory membranes (TV + CAM + BLM) showed a trend to increase in WT animals in which acid secretion was inhibited (26.8 ± 1.1 versus 31.8 ± 2.5 *P* = .07), showing inequitable exchange, due in large part to a relatively greater increase in TV. In the NHE2−/− null mice where secretion was inhibited by vagotomy or omeprazole, no change in total Vd of secretory membranes occurred (22.84 ± 2.3 versus 22.1 ± 2.5 *P* = 0.8), and changes were not significantly different than the paired untreated NHE2−/− parietal cells. A decrease in the ratio of CAM to TV in both WT and NHE2−/− mice was significant during inhibition however, when each was compared to their respective untreated control (WT, *P* = .0187; NHE2−/−, *P* = .023). Each was also accompanied by an increased Vd of basolateral membrane (significant only in WT, *P* \< .0001). NHE2−/− mice were unique among the KO genotypes in this study because organelles changed in parallel (but not on a par) with WT mice.

The Vd of total secretory membranes was reduced, often severely, in the achlorhydric mice in this study, with *P*-values ranging between.058 and \<.0001 for the 6 genotypes. In NHE2−/− mice, where the reduction in secretory membranes was not as dramatic as the others KOs (*P* = .058), frequently the canalicular lumens were grossly dilated, accompanied by evidence of impending parietal cell death and debris ([Figure 3](#fig3){ref-type="fig"}and \[[@B30]\]). The reduction in Vd of total secretory membranes, particularly in the NHE4−/−, NHE2−/− AE2−/−, and GHKA*α*−/− mice, resulted mostly from the loss of TV.

Inhibition of acid secretion, in our hands, produced an unbalanced membrane exchange in WT and NHE2−/− parietal cells ([Figure 2](#fig2){ref-type="fig"}). Apical membranes with microvilli of an appropriate length and width, however, were clearly present in all KO genotypes except for the GHKA*α*−/− mice, where they were significantly shorter than in WT. Basolateral membranes were increased in all of the KOs but did not increase sufficiently to compensate for the loss of other secretory membranes, resulting in unbalanced modulation.

3.3. Tubulovesicles {#sec3.3}
-------------------

TV were almost always visible in WT parietal cells, representing around 8% of the cell cytoplasm (Vd = 7.68 ± 0.96, *n* = 47) ([Figure 1](#fig1){ref-type="fig"}) under normal conditions and were greatly increased when acid secretion was inhibited by vagotomy or omeprazole (13.99 ± 2.73 *n* = 7, *P* = .010 to untreated WT). Fasting and stimulation produced variable morphometric outcomes, especially in the Vd of TV in WT parietal cells, which varied from 0% to 100% of the secretory membranes in any given cell profile. This required the assessment of large numbers of micrographs of parietal cells, from many animals, to obtain representative data. When the morphology of TV was compromised, or when TVs were absent, gastric contents were less acidic. Unlike TVs, microvilli maintained a fairly constant morphology (GHKA*α*−*/*− parietal cells excepted). Thus, while the TV in some models did not reflect acid secretion, the morphology of TV gave important clues as to the causes of failed secretion, and highlighted the relatively unchanging appearance of CAM as well as mitochondria.

In NHE4−/− mice, TVs were dramatically reduced. Canalicular nidi were still present in the cytoplasm, and seemingly normal microvilli were seen on the apical membrane, but the cytoplasm just adjacent to the canaliculi was most often devoid of organelles and vesicles (whether round or tubular). Similarly, in AE2−/− mice, TVs were reduced (Vd 2.67 ± 0.79 *n* = 3, *P* = .033 to WT)([Figure 3](#fig3){ref-type="fig"}) but some round vesicles were observed. Even more dramatically, the NHE2−/−AE2−/− and NHE2−/−GHKA*α*−/− parietal cells had almost no vesicles at all ([Figure 3](#fig3){ref-type="fig"}).

3.4. Canaliculi {#sec3.4}
---------------

WT and NHE2−/− mice had no paucity of canaliculi and incipient canalicular nidi were frequently close to the basal portion of the parietal cells. No comment can be made in this study as to whether those nidi were separate from, or connected to, the infoldings of the apical membrane since 3D reconstruction from serial sections was not performed. Strikingly however, canaliculi in the cytoplasm of AE2−/−, NHE4−/−, and the NHE2−/− AE2−/− mice were infrequent compared to WT ([Figure 3](#fig3){ref-type="fig"}), and invaginations were nearly always seen in close proximity to the apical membrane. Especially in the NHE2−/− AE2−/− double KO parietal cells, there were no dilated canaliculi. In addition, glandular lumens were often filled with electron dense debris that was ultrastructurally similar to secretory granules from nearby zymogen cells ([Figure 4(d)](#fig4){ref-type="fig"}), which mimicked the single KO of AE2 \[[@B11]\]. Failure to generate deep cytoplasmic canalicular nidi, which become, or are already, part of the branched secretory CAM, was apparent in 3 of the 6 KO genotypes. In contrast, the other three genotypes (GHKA*α*−/−, NHE2−/−, and the NHE2−/− GHKA*α*−/− double KO) showed sporadic, but often massive dilation of their canaliculi, with canalicular nidi seemingly deep in the cytoplasm and separate from the apical membrane.

3.5. Microvilli {#sec3.5}
---------------

Microvilli in WT mice were approximately 1  *μ*m long × 0.2 *μ*m wide, undulated modestly in thickness along their lengths, and were slightly bulbous at the ends. NHE2−/− parietal cells had normal microvillar morphology but they were significantly longer than in WT parietal cells (WT, 1.17 ± 0.037 by 0.26 ± 0.012 microns, *n* = 40; NHE2−/−, 2.04 ± 0.65 by 0.35 ± 0.1 microns, *n* = 13, *P* = .012). Both microvillar length and width tended to decrease during inhibition of acid secretion (vagotomy and omeprazole, combined data) in WT and NHE2−/− mice, but this did not reach statistical significance.

In opportune cross sections actin filaments within CAM were apparent, and most often arranged in a circle, close to the plasmalemma, but occasionally were found clustered centrally as a core bundle \[[@B28]\]. No quantification of the ratio of centrally to peripherally located actin was performed in the current study, but it was obvious, subjectively, that WT parietal cells had considerably more microvilli with peripherally located actin than with centrally bundled actin, while in the achlorhydric KOs the latter arrangement was much more frequent. Two genotypes were exceptions: (1) the hypochlorhydric NHE2−/− mice had actin located peripherally in the microvilli, again underscoring that the parietal cells in this KO must have some functional acid secretion, and (2) in the GHKA*α*−/− mice, where parietal cells always showed centrally bundled actin, microvilli were significantly shorter than in WT mice \[[@B29]\].

3.6. Basolateral Membranes {#sec3.6}
--------------------------

The increase in Vd of the basolateral membrane was significant in 4 of the 6 achlorhydric genotypes, and elevated in the other two (Figures [3](#fig3){ref-type="fig"}and [4](#fig4){ref-type="fig"}). In addition to the Vd of the BLM being increased with achlorhydria, the normally closely aligned intercellular interdigitations give way to broader infoldings, that extended further into the cytoplasm than in WT cells ([Figure 5](#fig5){ref-type="fig"}). On occasion, basolateral infoldings showed a morphology very close to that of microvilli. (This is a rarely reported observation \[[@B15]\].) In NHE4−/− and AE2−/− mice, and in the NHE2−/− AE2−/− double KO especially, interdigitations were broader ([Figure 5](#fig5){ref-type="fig"}). The Vd of basolateral membranes alone was about equivalent to the Vd of canaliculi in predicting the level of acid secretion. However, when the Vd of BLM was expressed as a ratio with the Vd of mitochondria, the p values were significant for 6/6 of the achlorhydric genotypes, thus making this ratio one of the better markers derived from morphometry.

3.7. Mitochondria {#sec3.7}
-----------------

The Vd of mitochondria provided a reasonably good measure of acid secretory competence, being significantly reduced in 5 of 6 achlorhydric models compared to WT, reflecting decreased secretory activity. Mitochondria were also of quite stable morphology ([Figure 3](#fig3){ref-type="fig"}). Vd of mitochondria was about 30% in WT parietal cells and was significantly reduced in parietal cells of NHE2−/− mice (untreated), compared to WT. Inhibition of acid secretion with omeprazole or vagotomy did not decrease mitochondrial Vd further ([Figure 2](#fig2){ref-type="fig"}). Though mitochondrial Vd was reduced in the hypo- and achlorhydria phenotypes, mitochondria still appeared to be of normal size and shape, and cristi were unremarkable, and were overall quite similar to WT, except for the GHKA*α* KO. GHKA*α*−/− \[[@B29]\] and NHE2−/− GHKA*αα*−/− double KO mice showed some very large mitochondria with whorled cristi in young animals ([Figure 4](#fig4){ref-type="fig"}), a phenotype which disappeared as the animals aged.

The position of mitochondria within WT parietal cells is characteristically closely juxtaposed to TV and CAM, and indeed, areas of TV and CAM are intimately surrounded by mitochondria. Several KO genotypes (NHE2−/−, GHKA*α*−/− and NHE2−/− GHKA*α*−/−) were similar in this regard. However, in NHE4−/− \[[@B12]\], AE2−/− and NHE2−/− AE2−/− parietal cells, mitochondria were positioned at a distance from CAM, rarely coming in close proximity to those membranes. Subjectively, the void zone was inversely related to the amount of TV and vesicular membranes present in the cytoplasm, and thus inversely related to the acid secretion.

3.8. Dense and Lamellar Inclusions {#sec3.8}
----------------------------------

Inclusion bodies, or phagolysosomes, the morphology of which was divided into two phenotypes in this study (dense granular and lamellar), were significantly increased in 4/6 achlorhydric genotypes. Dense granular inclusions were almost exclusively found in the GHKA*α*−/− mice (GHKA*α*−/− and NHE2−/− GHKA*α*−/−), appeared to be large, and composed of both dark and lucent rounded granules, lacking much in the way of myelin-like components. The remaining achlorhydric genotypes displayed myelin or lamellar-type inclusions with some granular components also. The highest Vd of lamellar inclusions was found in the NHE2−/− AE2−/− double KO mice (*P* \< .0001 to WT) ([Figure 3](#fig3){ref-type="fig"}). AE2−/− and NHE4−/− mice also showed a preponderance of lamellar type bodies, rather than dense granular inclusions ([Figure 4](#fig4){ref-type="fig"}).

Although the two different types of cytoplasmic inclusions, dense granular and lamellar, were combined into a single category for statistical purposes, they were very different in structure, and likely resulted from quite different mechanisms.

In NHE2−/− single KO mice, parietal cell death was elevated and cell debris containing large lamellar inclusions was common in the gastric gland lumens. The Vd of lamellar inclusions in NHE2−/− mice decreased upon inhibition of acid secretion by vagotomy or omeprazole (NHE2−/− untreated 1.31 ± 0.31, *n* = 13, versus NHE2−/− inhibited 0.76 ± 0.37, *n* = 9, *P* = .073), suggesting that they may result from faulty modulation of TV and CAM. Interestingly, where the TVs were decreased because of loss of GHKA*α* in the double null mice, the Vd of lamellar inclusions diminished, but in the NHE2−/− AE2−/− null mice, it increased above that of the NHE2−/− single KO ([Figure 3](#fig3){ref-type="fig"}).

4. Discussion {#sec4}
=============

Gastric acidity in WT mice parallels the relative volume densities of canalicular and apical membranes (CAM) and tubulovesicular membranes (TV) in the parietal cell cytoplasm in a predictable manner. \[[@B1], [@B3], [@B8], [@B14]--[@B19]\]. Although the relationship between the level of acid secretion and the relative amounts of CAM and TV has been useful as a reference point for histology, it is not without inconsistencies \[[@B40]\]. In addition, methods of long-term inhibition (omeprazole and vagotomy) have many undesirable secondary effects, such as hypergastrinemia \[[@B23]\] and changes in morphology. Just as problematic is the fact that adjacent parietal cells can vary widely in the Vd of TVs.

Our data from our normal parietal cells supported the occurrence of diminished Vd of TV with stimulation and a cytoplasm containing mostly TVs and only a few CAM after inhibition of acid secretion. During examination of the various mouse models of hypochlorhydria and achlorhydria it became clear that using the ratio of CAM to TV was not an unambiguous indicator of activity. Our ultrastructural quantification of CAM and TV and other membranes and organelles in mice which were normochlorhydric, compared with 6 mouse models with defective acid secretion, demonstrated that the Vd of TV was more variable than other organelles when predicting secretory competence. In fact, the Vd of basolateral membranes, and mitochondria, and the ratio of these two parameters, paralleled the gastric pH data from published studies far better. The most critical event in disrupting the ratio of CAM to TV appeared to involve the interruption of vesicle trafficking between TV and CAM. This was alluded to in the AE2−/− and NHE4−/− single KOs \[[@B11], [@B12], [@B30]\] and the NHE2−/− AE2−/− double KO, but comparisons clearly suggest that with significant decreases in Vd of TV, there is little acid secretion. TV appeared to vary morphologically (and morphometrically) independently from CAM, since even in an almost total absence of both round vesicles and TV, the presence of an ultrastructurally "normal-looking" canalicular and apical membrane microvillar morphology can persist. This raises the question of whether minute amounts of acid are being secreted from these ostensibly normal looking microvilli.

Another complicating issue was the identification of TV. Shape (whether round or tubular) and location with respect to mitochondria and canaliculi were subject to viewer judgement \[[@B20]\], and physical factors such as buffering and fixation greatly influenced the appearance of TV \[[@B15], [@B38]\]. Consistently applied criteria for "tubular and vesicular" shape were used in this study. If a vesicle appeared to be "round" rigid, infrequent, and not located in proximity to CAM, then it was not counted as TV. In one of the few papers which quantified parietal cells in achlorhydric mice (these lacked ezrin \[[@B20]\]) a significant increase in TV and apical membranes in parietal cells was shown, but in images from that study, apical membrane microvilli looked disorganized and were reduced in amount compared to their WT controls, and what was identified as a vesicular component resembled the rounded vesicles in GHKA*α*−/− parietal cells ([Figure 4](#fig4){ref-type="fig"}) in our study.

Our data suggest that a common hindrance to acid secretion is the loss of membrane modulation, vesicle fusion or fission events, or other factors, leading to a block in the formation of TV. The morphology of TV and other membranes is important clues as to the causes of failed secretion, but the relatively unchanging appearance of CAM and mitochondria may be better equated with overall parietal cell acid secretion. Emerging studies demonstrate the importance of proteins such as the F-actin- and clathrin-binding protein Huntingtin interacting protein 1 related (Hip1r) in vesicular trafficking for parietal cell acid secretion. In addition, the gastric morphogen Sonic Hedgehog (Shh) is also involved in activation of parietal cell function possibly via membrane modulation \[[@B43]\]. In contrast to the ezrin and GHKA*α*−/− mouse models \[[@B22], [@B28], [@B29]\] both the Hip1r \[[@B44]\] and the parietal cell-specific Shh null animals \[[@B43]\] lack well-defined tubulovesicles and exhibit expanded canalicular membranes. Neither of the latter mouse models respond to histamine stimulation, perhaps with important implications for other models of secretion.

Failure to generate deep separate cytoplasmic canalicular nidi (which become, or are already, part of the branched secretory CAM) was apparent in 3 of the 6 KO genotypes. In contrast, the other three genotypes (GHKA*α*−/−, NHE2−/−, and the NHE2−/− GHKA*α*−/− double KOs) showed sporadic, but often massive dilation of their canaliculi, with canalicular nidi seemingly deep in the cytoplasm and separate from the apical membrane. The ezrin KO mouse \[[@B20]\] showed CAM which seemed to be derived from short invaginations from the apical membrane, but not from deeper nidi in the cytoplasm. Common between the ezrin KO and the GHKA*α*−/− was that both apparently failed to connect actin filaments to the secretory membranes \[[@B20], [@B28]\].

Reports reveal that the loss of proteins critical for acid secretion sometimes results in dramatic ultrastructural consequences, as was seen in parietal cells of mice lacking GHKA*α* \[[@B13], [@B28], [@B29]\]. In other models, less dramatic ultrastructural changes were found, such as those reported for the NHE2−/− mouse \[[@B30]\], where we also observed that both CAM and TV appeared to modulate appropriately. It is important to point out that in the NHE2−/− mice the loss of acid secretion appeared to be due primarily to diminished parietal cell viability, reduced parietal cell numbers, and increased base secretion \[[@B30]\]. Parietal cells in young NHE2−/− mice can actually show highly developed CAM and numerous TV and overall, present with a fairly normal morphology.

F-actin and ezrin regulate movement of vesicles and organelles through the cytoplasm, are essential for modulation of parietal cell membranes in gastric acid secretion \[[@B7], [@B20], [@B45]\], and also interact with some major transport proteins, including the gastric H,K-ATPase (GHKA) \[[@B28], [@B29]\]. As surmised from the GHKA*α* KO mouse, microvillar ultrastructure requires the presence of GHKA*α* and the linking of actin to the microvillar membrane, and is also necessary for the modulation of CAM to TV and vice versa. Similar reports emanated from the knockout of the GHKA*ββ* subunit \[[@B22]\]. It has been reported that the distribution of ezrin is at the interface of TV and CAM and that it participates in membrane-vesicle fusion and movement events \[[@B46], [@B47]\], regardless of the controversy over whether TV and CAM are distinct, continuous, or both, and in what manner they are recycled and recruited \[[@B8], [@B42], [@B48]\].

Whether secretory membranes in WT mice were equitably exchanged after vagotomy and omeprazole treatments has also been in question. Our data show that significant fluctuations (reductions or increases) in TV, CAM, and BLM occurred while the Vd of total secretory membranes remained nearly unchanged. According to Ito and Schofield \[[@B15]\], during stimulation of acid secretion with insulin, microvillar membranes increased from 12% to 20%, lateral and basal cell membranes decreased from 6% to 5%, and there was a simultaneous reduction in tubulovesicular membranes from a Vd of about 24% in untreated, to around 4% in stimulated cells. Helander \[[@B38]\] also implied an even exchange of membranes (in this case TV and CAM) during stimulation of acid secretion. Other studies have demonstrated almost equal gains and losses within the whole secretory membrane compartment \[[@B17], [@B38], [@B39]\]. The inhibition of acid secretion, in our experiments, produced an unbalanced membrane exchange in both WT and NHE2−/− parietal cells and also was of a lesser magnitude than what others reported \[[@B15]\]. While equal gains and losses support a generally accepted hypothesis, it is implicit in this approach that all membranes must first be able to modulate.

Vd of basolateral membranes was approximately doubled in achlorhydria and hypochlorhydria. Even then, it comprises only a few percent of the total membrane Vd in parietal cells and this increase would appear to be insufficient to compensate for the large fluctuations in the Vd of TV and CAM. It is clear, of course, that basal and lateral membranes form a separate compartment from that of secretory membranes (TV and CAM), and too that combining them into one category is an oversimplification. The microenvironment that basal portions of the plasmalemma abut has a completely different milieu than lateral membanes. Evidence in support of the involvement of basolateral membrane processes in acid secretion comes from the required activation of Cl^−^/HCO~3~^−^ and Na^+^/H^+^ exchangers on the basolateral membrane \[[@B11], [@B12], [@B49]\]. These ion exchangers are critical components of the overall system of basolateral transporters needed to support ongoing HCl and KCl secretion across canalicular membranes. Somewhat counterintuitively, however, in this study we found a significant increase in Vd of basolateral membranes when acid secretion was diminished. The increased basolateral infoldings observed in achlorhydric phenotypes may be due to a "physical" effect: a compensation for changes in cell shape accompanying the greatly reduced canalicular space, which normally extends deep into the parietal cell cytoplasm during stimulated secretion. The activation of secretion might result in fewer infoldings as the cell expands and the infoldings are drawn into the surface plasmalemma. However, when reduced acid secretion was accompanied by increased canalicular space, Vd of basal and lateral membranes was still increased (as was seen in the NHE2−/− and GHKA*α* parietal cells). NHE2−/− and GHKA*α*−/− mice, with their often greatly enlarged "intercellular" canalicular space, still had significantly increased Vd of basolateral membranes. Basolateral membranes are also critical sites of ligand binding (acetylcholine, gastrin, histamine) for regulation of acid secretion, and it is possible that the Vd of basolateral membranes is regulated separately from the Vd of TV and CAM.

The Vd of mitochondria was about 30% in the WT parietal cells in this study, which was very close to reports in the literature \[[@B11], [@B12], [@B15], [@B18], [@B29], [@B30], [@B36], [@B38], [@B39], [@B50], [@B51]\]. Duman et al. \[[@B8]\] obtained a mitochondrial Vd of 40%, but this was after excluding nuclei and canalicular space from the analysis and was therefore higher than the values for our WT and achlorhydric mice. Mitochondrial Vd appeared not to fluctuate after stimulation or inhibition of secretion in the short term \[[@B15], [@B38]\] but it did decrease under conditions of chronic inhibition (WT, vagotomy, and omeprazole) as shown in the current study. Mitochondrial Vd was significantly reduced in untreated NHE2−/− mice, and inhibition with omeprazole and vagotomy did not decrease it further ([Figure 2](#fig2){ref-type="fig"}). Vd of mitochondria was an improved indicator of achlorhydria, perhaps posing better as an overall indicator of cell activity, reflecting principally, acid secretion. Mitochondria within WT parietal cells were typically closely juxtaposed to TV and CAM, and indeed, areas of TV and CAM and mitochondria were intimately associated in WT and in NHE2−/− parietal cells, and in GHKA*α*−/− parietal cells to some degree. Uncharacteristically however, and especially prominent in the NHE4−/− KO \[[@B12]\], but also in AE2−/− and NHE2−/− AE2−/− double KO parietal cells, mitochondria were positioned quite a distance from CAM, rarely coming in close proximity to those membranes. Images from Recalde et al. \[[@B21]\] showed AE2−/− parietal cells which clearly pointed to a decreased Vd of mitochondria and a greater separation between mitochondria, TV, and CAM. Subjectively, the void zone is inversely related to the amount of TV and vesicular membranes present in the cytoplasm and inversely related to measured acid secretion.

Inclusion bodies were consistently increased with achlorhydria. It is possible, perhaps, that pentalamellar bodies \[[@B14]\] were coincident in a few instances with lamellar bodies, or that they may fall into the same membrane recycling cascade as lamellar bodies. Sawaguchi \[[@B14]\] mentioned that dense autophagolysosomes were heavily invested with the gastric H^+^, K^+^ ATPase. What is interesting is that lamellar inclusions were common in all genotypes except those where GHKA*α* was lacking.

In summary, using various knockout mouse models in which acid secretion was impaired and experimentally induced inhibition of acid secretion it was determined that the ratio of CAM to TV was a good indicator of acid secretion in parietal cells which have functional membrane trafficking potential. NHE2−/− mice had the capacity to modulate secretory membranes and showed a parallel response to WT parietal cells in morphometry and morphology, though attenuated. However, it was more common for defects in membrane trafficking to produce atypical ratios of TV to CAM. It appears that the Vd of mitochondria and Vd of basolateral membranes and the ratio of the two, are measures which can be applied both to WT and achlorhydric models that reflect the level of gastric acid secretion.
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![WT parietal cells (left and right). Right panel shows tubulovesicles similar to those boxed in (a). (b) Parietal cells from omeprazole treated mice: WT (left) and NHE2−/− (right). Insets show tubulovesicles from areas similar to those boxed in WT and NHE2−/− omeprazole-treated mice, respectively. Microvilli were significantly longer and the Vd of mitochondria was reduced in NHE2−/− parietal cells compared to WT. Tubulovesicles in NHE2−/− parietal cells were mostly vesicular, and often contained electron-dense cores. N: nucleus; arrowheads: mitochondria; arrows: canaliculi, boxes surround TV.](JBB2010-394198.001){#fig1}

![Vd of secretory membranes with and without inhibition of acid secretion with omeprazole (omep) or vagotomy (vagot) is shown for WT and NHE2−/− parietal cells. Black bars are WT, and grey bars are NHE2−/−. *N*: sample size. Asterisks denote significances of at least *P* = .05.](JBB2010-394198.002){#fig2}

![Volume density (Vd) of various membrane and organellar components of the parietal cells of WT and 6 achlorhydric genotypes are shown. Significant differences from WT (*P* \< .05): white bars; marginal significances (*P* \< .1): grey bars; and WT, to which all comparisons were made, black. The number of animals used in each comparison is given in the upper left graph, and names of the genotypes are below the bottom graphs in each column. Total secretory membranes = TV + CAM + BLM, being all membranes involved in balanced transport activities directly involved in acid secretion.](JBB2010-394198.003){#fig3}

![(a) AE2−/− parietal cells showed a reduction in TV, canalicular and mitochondrial Vd, and, seen at higher magnification, cytoplasm contained occasional polysomes but generally reduced numbers of organelles (compared to WT and NHE2−/− (see [Figure 1](#fig1){ref-type="fig"})). Microvilli were mostly confined to the apical membrane, incipient canaliculi were equivocally identified, and electron-dense material often filled the gastric gland lumen (G). (b) The GHKA*α*−/− parietal cells showed short microvilli, round vesicles instead of TV, cytoplasmic glycogen, frequent canalicular dilatation, and occasionally, large mitochondria with whorled cristi. (c) and (d). The two genotypes that seemed to have the most organelle-depleted cytoplasm were the NHE4−/− (c) and the NHE2−/− AE2−/− double KO (d). Parietal cells in both of these genotypes were very sparsely inter-populated with organelles, having significant reductions in Vd of both membranes and mitochondria. (e) NHE2−/− GHKA*α*−/− parietal cells were quite similar to the GHKA*α*−/− single knockout. The latter two were the only genotypes which showed cytoplasmic glycogen or whorled cristi in mitochondria, and short stubby microvilli. For all panels: arrow heads: mitochondria; white arrowheads: mitochondria with whorled cristi; arrows: canaliculi, N: nucleus; Z (white) zymogen granule.](JBB2010-394198.004){#fig4}

![WT (a) basolateral membrane shows mostly parallel or slightly undulating infoldings. AE2−/− (b) and NHE4−/− (c) showed the significantly increased Vd of basolateral membranes infoldings typical of achlorhydric mice. In addition, loops and interdigitations were broadened in width. Arrowheads: mitochondria; N: nucleus, interdigitations: long arrows; bar: 1 micron for all images.](JBB2010-394198.005){#fig5}

![Lamellar and dense granular bodies were uncommon in WT parietal cell cytoplasm (see [Figure 1](#fig1){ref-type="fig"}). Lamellar inclusions were increased in NHE2−/−, AE2−/− and NHE2−/− AE2−/− mice. Lamellar inclusions decreased in the NHE2−/− parietal cells when secretion was inhibited. In GHKA*α*−/− mice, inclusions were almost always dense and granular. L, lamellar inclusions, G dense granular inclusions; bar: 1 micron for all.](JBB2010-394198.006){#fig6}

###### 

Number of achlorhydric mouse genotypes showing membrane Vd ratios significantly different than WT.

  Vd ratio                     Number significant   Mouse Model
  ---------------------------- -------------------- -----------------------------------------------
  TV+CAM+BLM/mitochondria      2/6                  GHKA*α*, NHE2GHKA*α*
  CAM /TV                      3/6                  AE2, GHKA*α*, NHE2, NHE2AE2
  Round vesicles/TV            2/6                  GHKA*α*, NHE2GHKA*α*
  All membranes/mitochondria   5/6                  AE2, GHKA*α*, NHE2, NHE4 NHE2AE2
  BLM /mitochondria            6/6                  AE2, GHKA*α*, NHE2, NHE4 NHE2AE2. NHE2GHKA*α*

Acid secretion was inhibited either by omeprazole treatment or vagotomy. Values for WT parietal cells with acid secretion inhibited were significantly different than untreated WT for Vd of CAM/TV, round vesicles/TV, and basolateral membrane/mitochondria. NHE2−/− inhibited parietal cells were not significantly different than NHE2−/− untreated.
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